Induction periods for the Grignard reagent formation from RBr (R=Et, i-Pr, n-Bu, i-Bu, t-Bu, c-Hex, Ph) and t-BuCI in the presence of additions of inhibitors (H2O, n-BuOH) were determined. Initiation constants of the reaction, k were calculated. Extrapolation of the dependence, k vs. initial concentration of the inhibitor, to the zero concentration yields k*, independent of added inhibitors. It is suggested that relative values of k* are the relative rate constants for the Grignard reagent formation.
INTRODUCTION
Usually, the reaction between metallic magnesium and an organic halide does not begin immediately but only after a certain induction period. The duration of the induction period may greatly vary owing to the action of different activators or inhibitors [1] . Besides water [2] [3] [4] [5] [6] , inhibitory influence has been ascertained in case of oxygen [2] , peroxides [6] and other possible admixtures in reagents and solvents. It has been also assumed that for the initiation of the reaction, it is necessary to clean the surface of magnesium of oxides [7, 8] , In the case of clean magnesium that excludes the presence of magnesium oxide a strong influence of inhibitors able to suppress radical reactions has been shown [9] , Hill et al. [10] and later on Bowyer et al. [11] have shown that the initiation of the reaction occurs at defects on the magnesium surface and it is characterized by the formation of isolated corrosion pits. These pits grow and eventually overlap, giving rise to a stationary process. Although magnesium samples free of oxide layer were used, the conclusions seem to be also relevant to ordinary Grignard reagent preparations from common magnesium. Bowyer et al. [12] have elegantly visualized the initiation of the Grignard reagent formation on the magnesium surface.
Only a few quantitative investigations of the induction period have been published. It was the duration of the induction period in the presence of water [2, 3, 6] and peroxides [6] that was determined and compared with the induction period in pure ether. In this laboratory, a detailed examination of the induction period was carried out, involving a large variety of inhibitors [13] [14] [15] . The reaction of η-butyl bromide with magnesium was chosen for a model process. We were able to show that the Grignard reagent formed within the induction period dissolves magnesium oxide gradually, uncovering the surface of magnesium metal. Inhibitors (water, alcohols, etc.) react with the Grignard reagent, thereby retarding the cleansing process. Insoluble products may form and deposit on the surface of the metal. They can stop up the holes in the oxide film and, therefore, a certain critical addition of the inhibitor can totally suppress the reaction. Several inhibitors, e.g. higher alcohols, lead to soluble products that can, to some extent, dissolve magnesium oxide and thus promote the initiation. These conclusions have been supported by sonochemical investigations of the process [13, 14] , For the induction period one can take the time required for obtaining a measurable concentration of the product or the starting time of the most rapid process. The induction period has been considered to be the time of the appearance of the Grignard reagent by the Gilman color-test [2] , The end of the induction period was also determined from the kinetic curve of the reaction [16] or fixed either by the appearance of turbidity in the reaction mixture [3] or by a temperature rise [6, 8] . Evidently, it is difficult to specify the induction period unambiguously or to determine its duration exactly.
Our method rests on the fact that the coloring of the reaction mixture caused by a very small addition of iodine remained unchanged during a certain period and then disappeared rapidly. Immediately after that, visible reaction began (formation of bubbles on the surface of magnesium, sometimes the appearance of a slight turbidity). The moment of the disappearance of the coloring of iodine was taken as the end of the induction period. Check experiments asccertained that under these experimental conditions iodine did not react either with magnesium, organic halides or ether during periods greatly exceeding the ones determined in these measurements [13, 14] . In the absence of iodine the induction period was prolonged only by 5-10 sec, that might be connected with difficulties in visual determination of the end of the induction period without an indicator. Visually determined induction time proved to be well reproducible in parallel runs. Induction period was determined both in the absence and in the presence of additions of various inhibitors. From these data initiation constants were calculated.
INITIATION CONSTANTS
Our approach is based on the idea that the initiation of the reaction occurs at defects in the oxide layer on the surface of magnesium. The Grignard reagent formed is being mainly consumed for the trapping of inhibitors. Thus, during the induction period, the active surface of magnesium grows slowly if at all. As it follows from the fact that iodine only disappears at the end of the induction period, iodine is considerably less reactive than other inhibitors used in this work.
As soon as the inhibitors have been removed, a rapid liberation of the surface and the formation of the free Grignard reagent will start. This point is revealed by the disappearance of the coloring of iodine and can be taken for the end of the induction period.
Later on all of the Grignard reagent formed participates in the surface cleansing process. As far as the rate of Grignard reagent formation is proportional to the active surface area of the metal, the reaction proceeds like an autocatalytic one until stationary kinetics is arrived.
An empirical expression for the rate of the Grignard reagent formation [16, 17] ,W, is given by eq.1, where RX is the organic halide and S represents the active surface area of magnesium metal.
If the Grignard reagent is consumed in the trapping of inhibitors as rapidly as it is formed, eq.2 is valid up to the end of the induction period. W is the same as in eq.1
Integrating eq. For the sake of comparability of the results we involved [13] an increment of induction period, l ind" t0 jnd· where tj n( j is the induction period for the additions of inhibitors and t°j nc j is the value of induction period in the absence of added inhibitors. The same equally purified stock solutions of reagents were always used within an experiment. If the contributions of uncontrolled factors and those of added inhibitors are additive, the increment of induction period is equal to the time required for a total consumption of the added inhibitor.
According to eq. 3 and to our assumption made above, one can express t°jncj and tj nc j by eqs. 4 and initiation constants can thus be calculated as follows
In principle, duration of the induction period and, consequently, the value of the initiation constant should not depend on the nature of the inhibitor. In this case they actually do, because the conversion products of inhibitors influence the initiation process so that apparent initiation constants calculated according to eq. 6 reveal a dependence on the initial concentration of the inhibitor [13] . The features of the dependences are different for different inhibitors. When the products are of low solubility in ether, e.g. in case of water and some alcohols, the initiation constant decreases with increasing concentration of the inhibitor.
Higher alcohols, including n-butanole, and fatty acids also prolong the induction period, however, calculated initiation constant increases with the progressive additions of the inhibitors [13] . Since the deviation from the constant value of the initiation constant for water and lower alcohols is obviously caused by the formation of insoluble products, it follows that the products of the reaction with alcohols, probably bromomagnesium alkoxides, are more soluble in ether than bromomagnesium hydroxide. The positive slope of the dependence for the substances having long carbon chain indicates their promoting effect on the initiation, consisting in the solubilization of magnesium oxide by bromomagnesium alkoxides. It is reported [18] that higher alcohols are able to catalyze to some extent the Grignard reagent formation.
Extrapolation of the function to the zero value of the initial concentration of any inhibitor yields the same value of the intrinsic initiation constant k*, that proved to be a characteristic parameter of the reaction system, specified by an organic halide, a fixed amount of magnesium, etc. [13] . The existence of such a parameter independent of used inhibitors is confirmative for the assumptions made above.
According to eq. 6, k* = k 0 S where I <Q is the rate constant for the Grignard reagent formation and S is the active surface area of magnesium . Consequently, k* depends apart from the amount also on the sample and the shape of the metal. However, this uncertainly can be coped with using fixed amounts of similar magnesium in all the determinations.
RESULTS AND DISCUSSION
Dependence of apparent initiation constants on the initial concentrations of inhibitors intersects the ordinate axis at a common point that corresponds to the value of the intrinsic initiation constant k* for the organic halide. In case of water and n-butanole, the dependences are linear (Figure) and thus allow of a reliable extrapolation of the data. Since there was a good fit between the values obtained from measurements with water and n-butanole (see Table) , most determinations were carried out using only n-butanole as an inhibitor. The results for a variety of halides are presented in the Table. From chlorides only tBuCI is included. Other chlorides are much less reactive, and in our experiments the respective induction periods lasted several hours. In these cases the endpoint of the induction period became rather uncertain. c· 10 2 M Figure. Plots of initiation constants vs. initial concentrations of the inhibitors (A -water, Β -n-butanole) for the reaction of isobutyl bromide with magnesium.
As it was discussed above, k* is proportional to the rate constant of the Grignard reagent formation but depends on the sample of magnesium. However, the relative initiation constants actually prove to be the relative rate constants for the Grignard reagent formation and can thus be compared with those obtained from any independent experiment.
There are few kinetic data sets for the Grignard reagent formation and besides they are rather contradictory. The Table represents a juxtaposition of available rate data for the Grignard reagent formation in diethyl ether. Under conditions representative of those used in the preparation of Grignard reagents, bromides [17, 22] react at very similar rates. In contrast to this, the rates of chlorides are highly sensible to changes in the organic moiety of the halide. Whitesides et al. [17, [19] [20] [21] have established that organic iodides and many alkyl bromides react with magnesium at mass-transport or diffusion-controlled rates in diethyl ether. Most organic chlorides appeared to react at rates which are not mass-transport-limited.
The k* values for tBuBr and tBuCI differ by 34 times and for alkyl bromides (tBu-nBu) still by 3 times. However, the reproducibilities are better than ±6.5 %. Therefore, the data are definitely discernible. The accuracy of the Whitesides data is not known. Some unknown systematic errors in our data cannot be excluded, however, they will be mostly reduced by the calculation of relative rate constants. ν ό 1 20, No. 5, 1997 Rate Data from Induction Period Determinations for Alkyl-and Phenylmagnesium Bromide Formation 
X=CI
The data obtained from induction period determinations show a distinct dependence on the structure of the organic halide similar to that of chlorides under ordinary reaction conditions. These two sets of reactivity data reveal dependence on free radical stability together with some contribution of steric requirements of the radicals. It is not surprising that chlorides show a larger range in rates. Because of their lower reactivity in comparison to bromides, a higher structure selectivity can be expected. It follows that the method used in this work enables us to obtain rate data for the Grignard reagent formation evidently not affected by mass-transport and diffusion. An explanation to this has been suggested recently [12] . Early in the reaction of a halide with magnesium, reactive sites are quite small and the diffusion of reactants and products is spherical rather than linear. As the sites grow larger, linear diffusion predominates and with increasing reaction rate the mass transport becomes rate-limiting.
As far as our method of fixation of the end of the induction period enables us to confine it to a very early period of the reaction, such an explanation proves to be relevant to this case. Thus, the induction period determination seems to be the only reasonable way to study the reactivity in this reaction. A less convenient possibility may be use of a very large surface of magnesium in an ordinary kinetic measurement to preclude linear diffusion. Hörak et al. reported [22] that under their experimental conditions the reaction rate remained constant beginning from 26-fold excess of magnesium. Very likely the authors were able to study the kinetics not affected by mass-transport. However, they did not consider their results from this point of view. The medium inside the pits in the oxide layer during the early period of the reaction may be somewhat different from that at a clean surface of magnesium and full adequacy of these data to the ordinary process of the Grignard reagent formation can be questioned. This is not necessarily the case, but even if it is so, these data, nevertheless, are useful in the unravelling of the mechanism of the reaction. We intend to apply this method further to an investigation of solvent effects in the reaction because under ordinary reaction conditions no authentic kinetic data for organic bromides can be obtained at present.
EXPERIMENTAL
Commercial grade reagents were carefully purified and operated under dry argon. Diethyl ether was distilled into previously weighed flasks and the amounts were determined by weighing. Inhibitors were weighed in a weighing bottle which was thereupon sunk into the flask with the solvent. The same was done with iodine. Solutions for measurements were prepared in flasks and the required amounts of them were transported by means of calibrated syringes.
Determination of the induction period. The reaction was carried out in a tightly closed testtube of 30 mm diameter. The test-tube, equipped with a magnetic stirring bar, was loaded with 0.2 g of magnesium turnings and flushed with dry argon. Through an opening in the stopper, 1Qt0.1 ml. of the reaction solution were introduced and stirring and time measurement were switched on. The stirring rate was always kept constant. The moment of the disappearance of the coloring of iodine was taken as the end of the induction period. The measurements were carried out at 2Q±1 c C. The duration of the induction period was determined as the mean value of 3-5 measurements. The reproducibility of determinations was ±5 sec on the average.
Initial concentrations of the reagents were 0.8-0.9 Μ for organic halides, 1 mM for iodine, from 3.3 mM to 28 mM for water, and from 9.1 mM to 47 mM for n-butanole.
For the determination of intrinsic initiation constant k*, 5-6 different additions of the inhibitors were used. ACKNOWLEDGEMENT Financial support from the Estonian Science Foundation is gratefully acknowledged.
